Beauty and Elegance in the World Around Us:: Elucidating the Higher Order Structure of the B12 Riboswitch in thermatoga Maratima and Reflections Concerning the Interface Between Science and Religion by Ghincea, Alexander R.
Regis University
ePublications at Regis University
All Regis University Theses
Spring 2012
Beauty and Elegance in the World Around Us::
Elucidating the Higher Order Structure of the B12
Riboswitch in thermatoga Maratima and
Reflections Concerning the Interface Between
Science and Religion
Alexander R. Ghincea
Regis University
Follow this and additional works at: https://epublications.regis.edu/theses
This Thesis - Open Access is brought to you for free and open access by ePublications at Regis University. It has been accepted for inclusion in All Regis
University Theses by an authorized administrator of ePublications at Regis University. For more information, please contact epublications@regis.edu.
Recommended Citation
Ghincea, Alexander R., "Beauty and Elegance in the World Around Us:: Elucidating the Higher Order Structure of the B12
Riboswitch in thermatoga Maratima and Reflections Concerning the Interface Between Science and Religion" (2012). All Regis
University Theses. 615.
https://epublications.regis.edu/theses/615
 
 
Regis University  
Regis College  
Honors Theses  
 
 
Disclaimer
 
 
 
Use of the materials available in the Regis University Thesis Collection 
(“Collection”) is limited and restricted to those users who agree to comply with 
the following terms of use. Regis University reserves the right to deny access to 
the Collection to any person who violates these terms of use or who seeks to or 
does alter, avoid or supersede the functional conditions, restrictions and 
limitations of the Collection.  
 
The site may be used only for lawful purposes. The user is solely responsible for 
knowing and adhering to any and all applicable laws, rules, and regulations 
relating or pertaining to use of the Collection.  
 
All content in this Collection is owned by and subject to the exclusive control of 
Regis University and the authors of the materials. It is available only for research 
purposes and may not be used in violation of copyright laws or for unlawful 
purposes. The materials may not be downloaded in whole or in part without 
permission of the copyright holder or as otherwise authorized in the “fair use” 
standards of the U.S. copyright laws and regulations.  
 
  
 
 
 
Beauty and elegance in the world around us: 
Elucidating the higher order structure of the B12 Riboswitch in 
Thermatoga maratima and reflections concerning the interface between 
science and religion 
 
 
 
A thesis submitted to 
The Regis College 
Honors Program 
in partial fulfillment of the requirements 
for Graduation with Honors 
 
 
 
 
 
Alexander R. Ghincea 
Honors Thesis 
May 2012 
 
 
 
ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
 
 
 
THESIS APPROVAL PAGE 
 
 
Thesis written by 
Alexander Robert Ghincea 
 
 
 
 
Approved by 
 
             
Thesis Advisor 
             
Thesis Reader 
 
Accepted by 
 
             
Director, University Honors Program 
 
 
 
 
iv 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v 
 
 
 
 
Table of Contents 
 
List of Figures            v 
 
Introduction             1 
The Cell and the Importance of RNA         4 
The Riboswitch            13  
The B12 Riboswitch                          33  
Elucidating the higher order structure of the B12 Riboswitch in T. maratima      41 
Reflections concerning the interface between science and religion          51 
Acknowledgements                     71 
Appendix A: Terms Defined                     72 
Appendix B: Riboswitch Sequences and Secondary Structures              77  
References                      84  
 
 
 
 
 
 
vi 
 
 
 
 
List of Figures 
 
Figure 1: Transcription and Translation      9 
Figure 2: Deoxyribose and ribose        10 
Figure 3: The Nitrogenous Bases       11 
Figure 4: DNA and RNA        12  
Figure 5: Riboswitch Classes             18 
Figure 6: Riboswitch Mechanisms       23 
Figure 7: The Purine Riboswitch       25 
Figure 8: The TPP Riboswitch       29 
Figure 9: Cobalamin and 5’-deoxy-5’-adenosylcobalamin   34     
Figure 10: B12 Riboswitch Consensus      37 
Figure 11: PCR Optimization       49 
Figure 12: E. coli Test Transcription      50 
 
 
 
 
 
 
 
 
vii 
 
 
 
 
 
 
 
viii 
 
 
 
1 
 
 
 
 
Introduction 
 
Over the years, science has shattered and reshaped our understanding of the 
universe, revealing and illuminating many of its amazing, and quite literally mind 
boggling, mysteries. Truly, it’s almost impossible to question the incredible and deeply 
profound contributions of science to our understanding of the world. Just think of how 
much we now know about evolution, genetics, relativity, our own bodies, and so much 
more. And yet, religion is as important as ever, with a majority of the world’s 7 billion 
people, myself among them, ascribing to one faith or other. 
 Many would suggest, or vehemently argue, that science and religion, at their most 
basic level as ways of approaching and knowing the universe, are mutually exclusive. At 
the very least, they have no business participating in the same conversation. Or do they? 
As a biologist, chemist, and future physician, I very much believe in the importance of 
science and the pursuit of scientific knowledge. Indeed, much of the work that follows in 
these pages is scientific in nature, as my colleagues and I seek to elucidate the structure 
of an important regulatory RNA riboswitch in Thermatoga maratima. I have no doubt in 
 
 
2 
 
science’s ability to inform us of truth1 in the universe, and I trust the scientific method. 
At the same time however, I am a deeply religious individual. Raised a Roman Catholic, I 
didn’t really engage my faith until my high-school years when I began preparing for the 
Sacrament of Confirmation. But since, I have worked wholeheartedly to nurture my 
relationship with God and deepen my faith. I truly believe in His2
  I am both a scientist and a religious person, and as I’ve become more intensely 
involved in RNA research, the question of the relationship between these forces in my 
life has become more important and present than ever. How, do I reconcile these 
seemingly opposed ways of thinking? Are they even reconcilable? Can they participate in 
the same conversation and inform one another? 
 loving presence, His 
creation of the universe, and His redemption of us all. 
 I have a feeling that I’m not alone in asking these questions, or struggling to unify 
these disparate ways of understanding the universe. Deep down, I feel that both my faith 
in God and my pursuit of science are vitally important lenses into the mystery of our 
world. I somehow know that they are NOT mutually exclusive, and in fact can 
synergistically teach us of the beauty of God’s creation. The world around us is 
incredibly beautiful and elegant, and I firmly believe that we can come to access this 
knowledge through both science and religion. 
 I realize though that this is argument is ungrounded, and I will more soundly 
expound upon these feelings in subsequent chapters. But first, I wish to discuss the 
                                                             
1 I don’t mean to suggest here that science reveals THE TRUTH in a Platonic sense, only that it leads us toward it. 
Science does not deal in proofs. It gathers evidence which is used to generate ideas, theories, and laws, but remains 
falsifiable.  
2 Throughout this work I refer to God with masculine terminology. This is simply a reflection of how I have become 
accustomed. God created all mankind, including women, in God’s own image. Thus, many would argue that any 
gender association with God is not actually correct. 
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scientific research that inspired this conversation to begin with. In doing so, I wish to 
very firmly ground myself in empirical observation, and use that as a starting point for a 
discussion of the more spiritual and metaphysical dimensions. In the chapters that follow, 
one will find an introduction to the world of biochemistry, RNA, and riboswitches, and I 
hope that these pages will convey the same sense of awe that I feel when considering 
them. Life truly is amazing, and riboswitches, beautiful in their diversity and elegant in 
their simplicity, are one of its most astounding features. These RNA regulators are 
capable of functions that until as recently as 2002 were thought to be reserved only for 
more complex protein molecules. From my Catholic perspective, I couldn’t help but to 
wonder if something so amazing couldn’t somehow be divinely inspired;  I wondered if 
my study wasn’t somehow itself a revelation of God’s creation in our world. In this way, 
my research over the last year has finally brought the questions above to the forefront of 
my mind. My research has made these questions come alive, and has pushed me to 
articulate an answer. After fully considering that research and discussing the results that 
we have obtained, I will return to these questions where I will attempt to more clearly 
explain my convictions and provide theological backing for them. I have endeavored to 
make this work accessible to the non-scientist as well, and have defined basic, perhaps 
unfamiliar terms in Appendix A. 
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The Cell and the Importance of RNA 
 
 Ever since the discovery of the cell in 1665 by Robert Hooke, scientists have 
endeavored to understand these small fundamental units of life; every organism, no 
matter how small, is composed of one or more cells. It‘s now 2011, and science has come 
a long way. There have been countless phenomenal discoveries, along with novel 
methods and technologies developed over the years.  We have advanced by leaps and 
bounds in our understanding of the structures and functions of cells and their myriad of 
forms, and are now even able to characterize and study the very molecules that allow life 
to flourish. 
 In broad strokes, five macromolecules have been found to be essential and 
ubiquitous to ALL forms of life. These molecules are deoxyribonucleic acid (DNA), 
ribonucleic acid (RNA), sugar polysaccharides, lipids, and amino-acid polypeptides, or 
proteins. 
 Every cell functions on the basis of the genetic code that it contains, information 
which is stored in the form of DNA. This long double stranded polymer is composed of 
only four different nucleic acid subunits that are identified by their nitrogenous bases. 
 
 
5 
 
These four bases (Figure 3, page 11) – adenine, guanine, cytosine, and thiamine – make 
up the entire genetic code of every single living organism3
We can consider an analogy to better understand this process. Let us imagine that 
I have an ancient stone tablet with Latin inscriptions and that I wish to understand its 
meaning. We can take the original Latin as our DNA. I must first transcribe the Latin into 
a functional form, into sentences or paragraphs, onto paper or some such medium. After 
all, I would not be able to carry the massive tablet around everywhere. This is analogous 
to the transcription of DNA to RNA. Since I cannot understand Latin however, I must 
now translate the text into English for analysis. Similarly in a cell, RNA cannot perform 
the diverse functions of protein, so its message must be translated. 
. The complexity and diversity 
of all life on our planet is based on the combination and sequence of these four bases. 
Large enzymatic complexes read this genetic code and transcribe it into functional units 
that can be used to generate proteins, the astounding molecular machines that ultimately 
carry out the diverse functions of cells. DNA is copied or transcribed into RNA, which is 
then read and translated in three base groups (codons) to protein.  
This paradigm of cellular function is known as the Central Dogma of Biology. Of 
course, the processes described above are incredibly complex, requiring hundreds of 
molecules to arrange themselves in the precise order necessary for proper function. 
Nevertheless, one cannot deny the beautiful simplicity of our genetic code. The 
arrangement of only four different molecules in a virtually infinite number of 
                                                             
3 Viruses are excluded in this definition as they are not technically living and cannot reproduce without a host cell 
whose machinery to take over. Some viruses, among which the retroviruses such as HIV are commonly known, are 
RNA based, and do not contain any DNA.  
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combinations gives us the incredible breadth of life that has graced this planet. An image 
outlining transcription and translation can be seen in Figure 1 on page 9.  
In structure, RNA differs from DNA in only two seemingly minor ways. Instead 
of a hydrogen, RNA contains a hydroxyl at the 2’ position of the ribose sugar. It also 
exchanges the base uracil for thiamine. Ribose and deoxyribose sugars as well as the 
nitrogenous bases used in nucleic acids can be seen in Figures 2 and 3. The differences 
between DNA and RNA might appear insignificant, yet they allow RNA to take on a 
structural and functional diversity that is not possible with DNA. RNA can be single or 
double stranded4
In discussing RNA, people often refer to its messenger (mRNA), transfer (tRNA), 
and ribosomal (rRNA) forms. When RNA is transcribed from its DNA template, the 
mRNA strand produced is ‘read’ by ribosomes (complex organelles composed of rRNA 
and proteins) to produce protein. The amino acid subunits of proteins are brought to the 
mRNA-ribosome complex by different transfer-RNAs (tRNA) which recognize three-
base codons on the mRNA. Thus, RNA has been predominantly understood as a 
middleman of sorts, a carrier of genetic information (refer to Figure 1). 
, and can fold in ways very analogous to proteins, forming long range 
secondary and tertiary interactions with itself and other RNA molecules. Some of these 
principle differences can be seen in Figure 4 on page 12. 
RNA as a molecule is unique in that it contains genetic information in its 
sequence of bases, but can also perform numerous catalytic, regulatory, and signaling 
functions within the cell. For example, the ribosome, the catalytic complex that provides 
                                                             
4 RNA often folds with itself to form intramolecular base-paired regions. In such cases, the RNA strand remains 
globally single stranded, but contains regions where it is functionally double stranded. 
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the architecture and enzymatic power to produce proteins from mRNA, is composed of 
several protein and RNA subunits. Amazingly, researchers have discovered that even if 
all of the protein elements are removed from the ribosome and it is left only with its RNA 
components, it retains much of its catalytic activity (1). Ribosomal RNA (rRNA) alone is 
enough to translate mRNA into protein. A similar example can also be cited in terms of 
RNA splicing. In many organisms, though predominantly in eukaryotes, mRNA contains 
untranslated intronic sequences that must be spliced out, or removed, prior to translation. 
Research has shown that large portions of the catalytic units of cellular splicing 
machinery (or spliceosome) are composed of small nucleolar RNAs (snRNA) (2). Again, 
as with ribosomes, RNA molecules are performing the essential catalysis. 
Quite clearly, RNA is an amazing and elegant molecule. It is responsible for 
processing and transferring transcribed genetic material, for the transport of amino acids, 
and for the synthesis of proteins. These astounding properties of RNA have led many 
scientists to hypothesize and envision a primordial world where there was no DNA, only 
RNA and protein (3). It is quite possible that in the most primitive and simplest of 
organisms, RNA was sufficient to carry out the most essential functions of life. RNA 
offers a simplicity and economy of cellular resources that could have afforded the earliest 
organisms a solid foothold from which life could evolve into beautifully complex and 
diverse species, and while the structure and function of DNA is better understood, it 
seems that the horizons in RNA research are constantly expanding.  
Very recently, a new class of RNA was found, and was characterized in great 
detail in 2002 by Mironov et. al. (4) in the bacterium Bacillus subtilis. In studying the 
untranslated control sequences upstream of the riboflavin and thiamine operons, 
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researchers made the astonishing discovery that in the presence of the metabolite product 
of the operons (FAD/FMN, or TPP respectively), expression of the final protein products 
was stopped (4). Initially, it was believed that there was some kind of protein factor 
functioning as a regulator based on the observation that mutations in a specific leader 
region of the RNA caused over-expression. The researchers soon discovered, however, 
that it was the RNA itself that was controlling its own expression; the unknown control 
mechanism continued to function even after all protein elements had been removed (4).    
The Rib operon (a series of genes involved in the production of riboflavin, an 
essential metabolic co-enzyme) leader region was found to be very highly conserved 
evolutionarily and had been shown to fold into a very distinct structure. Many 
hypothesized that this segment of RNA was capable of binding the riboflavin derived 
analogues FAD and FMN, and the same was proposed of the thiamine operon with 
respect to TPP. Through various methods, Mironov et. al. (4) were able to conclusively 
demonstrate that the leader region of the B. subtilis riboflavin and thiamine operons fold 
into distinct structures that are capable of binding the FAD/FMN and TPP metabolites, 
respectively. In their unbound state, both RNAs acquire an anti-terminator structure that 
up-regulates protein expression. Metabolite binding interactions on the other hand, induce 
allosteric changes in the RNA fold to stop expression (4). 
The discovery of these regulatory RNAs was groundbreaking, and they have since 
been characterized in a wide array of forms, and in all domains of life (3, 5, 6, 7). Their 
amazing ability to bind small molecule ligands and switch off gene expression has 
appropriately led them to be christened riboswitches.  
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Figure 1: Transcription and translation – A cell’s DNA is copied, or transcribed to mRNA which is then used as a 
template for the synthesis of proteins. tRNAs carry amino acids to the ribosome (itself composed of proteins 
and rRNA) for this synthesis. Retrieved from: http://ghr.nlm.nih.gov/handbook/illustrations/proteinsyn.jpg 
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Figure 2: Deoxyribose and ribose – RNAs are composed of a ribose/phosphate backbone with nitrogenous bases 
bonded to the 1’ Carbon. Notably, RNA contains an OH group at the 2’ position while DNA contains a 2’-
deoxyribose where they hydroxyl group is replaced by a hydrogen. This simple functional group change leads 
to drastic differences that allow single stranded RNA can fold into intricate three-dimensional structures 
reminiscent of proteins. Retrieved from: http://www.mun.ca/biology/scarr/Fg10_09b_revised.gif 
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Figure 3: The nitrogenous bases of DNA and RNA – The genetic code carried by all nucleic acids can be found in the 
order of nitrogenous bases. DNA molecules contain the four bases Adenine, Guanine, Cytosine, and 
Thymine. RNAs substitute Uracil for Thymine. Retrieved from: http://hyperphysics.phy-
astr.gsu.edu/hbase/organic/imgorg/ bases.gif 
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Figure 4: DNA and RNA – A) DNA forms a double stranded helical molecule as shown. Nucleic acids, bound to the 
deoxyribose backbone at the 1’ position hydrogen bond to one another, forming the basis for strand 
complimentarity. Adenine and Thymine can only form two hydrogen bonds and are thus always base-paired 
together. Guanine and Cytosine can each form three hydrogen bonds, and are similarly base-paired. B) RNA 
is usually found as a single stranded molecule. The 2’ alcohol allows the RNA to fold upon itself into 
complex three-dimensional structures as can be visualized in the tRNA molecule in panel B above. Some 
regions of the molecule form base-pairs while others loop out, as shown in the insert. Retrieved from 
http://commons.wikimedia.org/wiki/File:DNA_chemical_structure.svg (Madeleine Price Ball) & 
http://commons.wikimedia.org/wiki/File:TRNA-Phe_yeast_1ehz.png  
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The Riboswitch 
 
Introduction 
In the years after their discovery in 2002 (4, 8), riboswitches have generated 
tremendous excitement among scientists, shedding new light on the fundamental 
importance of ribozymes (RNA enzymes) and transcribed intronic DNA. Riboswitches 
are regulatory RNAs that are typically found in eubacteria in approximately 3% of all 
bacterial genes (3, 5, 7), and can be transferred horizontally among prokaryotes by 
conjugation. They have been characterized in all three domains of life (3, 5, 7). Over 
twenty different riboswitch classes have been identified (9) thus far, indicating both 
phenomenal diversity among these RNAs and incredible evolutionary conservation. 
 Life’s three domains (archaea, eucharyota, and eubacteria) diverged billions of 
years ago, yet the presence of riboswitches in all three suggests that the first riboswitch 
evolved in a common ancestor from the primordial world (6, 7). Because of their 
widespread phylogenetic and functional distribution in terms of the types of metabolites 
controlled and bound as ligands (fundamental vitamin co-factors, amino acids, small 
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molecules, and Mg2+ ions), riboswitches are thought to be one of the oldest methods of 
gene regulation (3). 
The initial discovery of riboswitches occurred in prokaryotic organisms (10). 
Researchers had discovered metabolically central genes involved in the synthesis of key 
molecules, but whose mechanisms of regulation were yet unknown. A fundamental 
feature of virtually all genes involved in metabolism is that they are very tightly 
regulated; the absence of known regulatory elements for so many important genes was 
perturbing, and initiated an intense search for regulatory factors. The more these genes 
were studied, the more it appeared that the nascent mRNA strand was actually capable of 
regulating itself in response to changes in the concentration of important small molecules. 
At the time, this concept was completely unheard of; genetic regulation was assumed to 
require the action of various protein factors that bind the DNA or RNA. In 2002 however, 
Mironov and his colleagues (4) definitively identified and characterized the FAD/FMN 
and TPP riboswitches in the bacterium Bacillus subtilis, and demonstrated that mRNA 
was indeed capable of regulating its own expression.  
Over the ages riboswitches have evolved to regulate a wide array of different 
metabolic processes. In general, they regulate the biosynthesis of essential metabolites 
such as vitamins and amino acids (3) via direct control over the expression of 
fundamentally important proteins (5). More specifically, they regulate the expression of 
genes producing proteins that are involved in the direct synthesis or transport of these 
molecules (7). In some cases, gene expression is up-regulated in response to dwindling 
metabolite concentrations. Most often however, genes are down-regulated and protein 
synthesis stopped when no further biosynthesis is needed (5). Some riboswitches can also 
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turn on salvage or degradation pathways when the presence of excess ligand (the 
molecule bound by a riboswitch) is detected (5). Riboswitch regulation is kinetically 
favored over more common protein mechanisms5
 
 since it provides a much faster response 
to environmental changes. 
General Mechanism of Action 
Riboswitch metabolites are bound by sequences with very high affinity and 
selectivity (6, 7, 9). This means that a given riboswitch is extremely specific for one 
particular kind of molecule and binds it very tightly. Ligand binding sites that are deeply 
buried within the RNA fold, a common feature among riboswitches, facilitates this high 
specificity and affinity by allowing the RNA sequence to interact with virtually all of the 
ligand’s functional groups (9). These kinds of interactions are shown and described later 
in Figures 7 and 8.  
In order to function independent of proteins, riboswitches require a significant 
structural sophistication (7), and form complex, precise 3-dimensional structures (5) that 
recognize and bind small molecule metabolites. Riboswitches exist in two very distinct 
states: an unbound state where no metabolite ligand is present, and a bound state in the 
presence of that ligand. When unbound, an ensemble of riboswitch conformations must 
be maintained (9). As with other large molecules, the tiny interactions between individual 
elements of the riboswitch are fluid and constantly changing in an effort to adopt the 
lowest-energy, stable conformation.  
                                                             
5 Protein dependent regulatory mechanisms require the assembly of enormous protein complexes in the 
exact correct fashion. 
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In general, riboswitches can be classified as either Type I or Type II RNAs. Those 
switches that maintain complex free-state (unbound) folds only undergo subtle local 
changes upon ligand binding are considered Type I RNAs (9). The Purine riboswitch is 
an example. Type II RNA riboswitches, such as the Tyrosine Pyrophosphate (TPP) class, 
are more dynamic in their free-states and undergo global conformational changes upon 
ligand binding.  
In either case riboswitches, in the presence of their metabolites, undergo induced-
fit structural changes which involve a specific set of RNA bases known as the switching 
sequence (5, 7, 9). Ligand binding precipitates long-range tertiary contacts within the 
RNA sequence that elicit global conformational changes in the overall structure of the 
riboswitch (3, 5, 7). The changes induced by ligand binding allow a riboswitch to adopt a 
conformation that can act upon and regulate gene expression (3, 5, 7). Furthermore, 
riboswitch action is kinetically regulated. The relative speeds of ligand binding 
(dependent on concentration) and of the genetic process regulated by the riboswitch, 
dictate the folding, and thus regulatory action (or non-action) that is followed (5). 
Integral to the structural modulation that riboswitches experience is the fact that 
they contain two different structural domains: an aptamer binding domain, or metabolite 
binding region, and an expression platform whose structure signals the regulatory 
response (6, 9). In riboswitches, the aptamer domain transcribed first (9), and is 5’ to the 
expression platform. The switching sequence is embedded within the aptamer domain, is 
shared with the expression platform, and undergoes structural rearrangement upon ligand 
binding. The final location of this sequence dictates the final conformation of the 
riboswitch, and thus the type of regulation, if any, that follows (9). It is important to note 
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however that this movement of the switching sequence occurs best in nascent RNA. 
Riboswitches in completed and folded RNA molecules do not interconvert readily (5). 
Unlike the vast majority of cellular regulatory mechanisms, accessory proteins are 
not required by riboswitches for proper function (3, 5, 7) allowing them to react 
immediately to the cellular environment to illicit a response on the adjacent gene. Thus, 
very low amounts of cellular energy are required for riboswitch regulation. Furthermore, 
because riboswitches can up or down regulate gene expression, the cell can maintain 
functional concentrations of particular metabolites in a very dynamic and efficient 
fashion (3). Protein mediated mechanisms of genetic regulation require the synthesis of 
one or more different peptides that must then be transported and assembled at the site of 
regulation. Each of these steps takes time as well as significant amounts of cellular 
energy (ATP) to complete. Thus riboswitches allow the cell to regulate certain important 
processes in a much quicker and cheaper fashion (in terms of energy). 
Riboswitch architectures are constructed from the same basic recurring tertiary 
motifs as other RNAs (9) and are held together and organized by base-paired helices 
which serve as a scaffold for the overall fold of each aptamer (5). Conserved motifs such 
as the K-turn are important in forming the ligand binding pocket (7, 9). Ribose zippers, 
loop E motifs, and helical bundles of coaxial stacked of helices held parallel to one 
another are also common (7, 9). Many of these features can be observed in Figure 5 on 
the following page. Different assortments of these same basic patterns allow riboswitches 
to show tremendous diversity in size, structural complexity, and kinds of molecules 
bound (6).  
 
 
18 
 
 
 
 
19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Diagram of the secondary and potential tertiary structures of different riboswitch classes – Shown here are 
some of the different riboswitch classes. Of note are the vastly different secondary structures that 
riboswitches adopt. One can also observe several of many of the structural motifs that characterize 
riboswitches. Paired regions are prominent, as are kink-turns and loop regions. Adapted from (5). 
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The interactions between different motifs, interhelical regions, bulges, and 
terminal loops are predominately responsible for the long range interactions that form the 
three dimensional fold of a riboswitch. Many of these sequences are very highly 
conserved, and their disruption can result in loss of binding affinity and/or regulatory 
capability (5, 7, 9). Much like other protein dependent methods of genetic regulation, 
riboswitches can be arranged in tandem to provide a more complex regulatory response. 
These tandem switches, if they are of the same class, can in turn bind ligand 
cooperatively allowing for more finely tuned regulation (5, 9). Riboswitch regulation can 
also overlap with other co-transcriptional or post-transcriptional control mechanisms 
rivaling the intricacy of DNA transcription initiation. Such features add a significant level 
of complexity to the regulatory process, and provide a fascinating window into the 
possibilities of RNA function (9). 
Thus far, riboswitches have been referred to as ‘switches’ that turn a gene off in 
response to excess concentrations of a metabolite that is the end product of or is 
transported by the gene/genes regulated by that riboswitch. A simple way of thinking of 
these kinds of riboswitches is that those particular genes are on unless turned off. 
However, riboswitches aren’t always “off” switches (9). The pbuE gene switch in B. 
subtilis uses ligand binding to form an anti-terminator 
allowing transcription to proceed, while the default folding pathway leads to termination 
(9). In this particular case, the ‘default setting’ of the riboswitch is to stop gene 
expression. When ligand is present however, the conformational changes in the 
riboswitch allow expression to proceed. Interestingly, riboswitches often show a default 
stable fold even in the presence of large concentrations of ligand suggesting that 
 
 
21 
 
riboswitches act more like fuses, requiring a critical mass of ligand before riboswitch 
action will proceed (9).  
 
Specific Mechanisms of Action 
There are several different mechanisms of action by which riboswitches function. 
The vast majority of known riboswitches are cis-acting, non-coding RNA elements (4, 7, 
9). This means that the regulatory region is on the same RNA molecule as the transcribed 
gene, but is not translated into any peptide sequence. Riboswitch sequences have been 
identified in introns and 3’ untranslated regions (UTRs), but are most often found in the 
5’ UTR of mRNA molecules (9). Cis-acting riboswitches generally perform their 
function co-transcriptionally or pre-translationally. That is, they regulate a given gene 
during transcription, or after transcription but before translation. Such regulatory 
processes help preserve cellular energy and resources by preventing the processing and 
synthesis of unnecessary molecules (mature mRNA, protein, etc).  
During transcription, cis-acting riboswitch sequences adopt one of two mutually 
exclusive secondary/tertiary structures that lead to genetic regulation (expression or 
repression) by direct association with small-molecule metabolites (3, 6, 7). Such a 
binding event will dictate which of the two secondary structures the riboswitch will 
adopt. Specifically, riboswitches found in the 5’ UTRs of bacterial mRNAs usually exert 
their control by transcriptional attenuation or by inhibiting translation initiation. In 
transcriptional attenuation the riboswitch forms a rho-independent terminator helix that 
interacts with the transcription machinery producing the nascent mRNA causing 
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cessation of transcription and release of the incomplete RNA (5, 6). In translational 
control, riboswitches utilize ligand binding to sequester the Shine-Dalgarno sequence, or 
translation initiation site, within a helix, thereby impeding association with the 30S 
ribosomal subunit (5, 9). The Shine-Dalgarno sequence is a short, extremely well 
conserved sequence of bases that serves as an essential binding site for translation 
machinery in prokaryotes. 
Some riboswitches exhibit an unusual property in that they contain both 
transcriptional and translational control elements. They co-transcriptionally form a 
terminator hairpin upon ligand binding, but the ribosome binding site in these particular 
riboswitches is close enough that it becomes imbedded into the terminator. Thus, should 
transcriptional regulation fail, translational regulation can still be effected, allowing such 
riboswitches a dual-control mechanism (5). 
As one might imagine, regulation is not limited to only transcription or 
translation. In some organisms, riboswitches can also act on splicing and RNA processing 
pathways (3, 5). Also, the recently discovered glmS riboswitch regulates expression by 
self-cleaving the mRNA transcript in the presence of its ligand (5). These riboswitch 
mechanisms are summarized in Figure 6 on the following page. 
 
Riboswitch Classes 
There is tremendous diversity among riboswitches. They have been classified 
according to their metabolite binding properties and include the purine, SAM, TPP, glmS, 
and adocobalamin classes. The Adocobalamin or vitamin B12 riboswitch will be  
 
 
23 
 
 
 
Figure 6: Riboswitch mechanisms – There are three general mechanisms by which riboswitches elicit gene regulation. 
A) Many riboswitches, often found in the 5’ UTR of genes, will, upon ligand binding fold into a Rho-
independent terminator helix that interacts with RNA polymerase to cease transcription. B) Some 
riboswitches fold and mask the Shine-dalgarno ribosome binding site, preventing translation initiation. C) 
Riboswitch folding can mask or unmask particular splice sites, resulting in differential mRNA processing and 
a non-functional final transcript. Adapted from (11). 
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discussed separately in the following chapter. Many of the different riboswitch classes 
are shown also in great detail in Figure 5 on page 18.  
 
The Adenine and Guanine Binding Riboswitches 
  The purine family of riboswitches was among the first discovered, and they bind 
the purine nucleobases adenine and guanine. These riboswitches bury their active site 
into the core of the RNA fold in a pocket formed by a stacked column of base triplets, 
and primarily rely on bases in interhelical regions to tightly bind their ligands (7). 
Importantly, virtually all of the functional groups on the purine ligand show hydrogen-
bonding to different elements of the folded riboswitch (7), indicating incredibly tight 
binding as well as very high specificity.  
Both the adenine and guanine riboswitches bind ligand in the same fashion and 
recognize their particular nucleobase by Watson-Crick base-pairing (7). A fundamentally 
important pyrimidine residue at position 74 serves as the main discriminator between the 
two kinds of riboswitch (7). In guanine riboswitches, a very well conserved cytidine 
residue sits at this position; a uridine residue is at position 74 in the adenine riboswitch 
(7). The purine riboswitches are shown in greater detail in Figure 7 on the following 
page. 
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Figure 7: The Purine riboswitch – The purine riboswitch buries its binding site deep within the RNA fold as observed 
in the image on the left. An adenine in is indicated bound to the riboswitch. The images on the right show the 
Watson-Crick nature of the riboswitch-ligand interaction, and show how the riboswitch’s bases interact with 
most the purine’s functional groups. We can also see the important base substitution at position 74. Adapted 
from (12). 
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The SAM Riboswitch 
 Another important group of riboswitches are those that bind S-Adenosyl 
methionine (SAM), an important cofactor in a variety of biochemical reactions, 
especially those involving methyl group transfers. As opposed to most other classes, there 
are five different types of SAM riboswitches which all bind the SAM ligand in order to 
achieve regulation, but share virtually no other similarities. Also, the SAM-I and SAM-II 
riboswitches have not been found together in any one species of bacteria, a characteristic 
that does not apply to the other SAM classes (5). 
Riboswitch/ligand interactions in all SAM riboswitches position S-Adenosyl methionine 
in a pocked formed by the minor grooves of two helices. The binding pocket created by the two 
distantly located helices is formed in an induced-fit fashion through ligand interaction (7, 
9). Most of the functional groups on SAM are recognized by the riboswitch. The adenine 
moity forms a base triple with residues in a riboswitch helix, and the methionine chain 
carboxyl hydrogen-bonds to the Watson-Crick face of a guanine base in the riboswitch. 
Strong interactions such as these demonstrate an important reason as to why highly 
negatively charged RNA can overcome the strong electrostatic repulsion forces caused by 
binding a negatively charged ligand (7). Such interactions also result in very tight binding 
and high specificity for the riboswitch.  
 
The TPP Riboswitch 
 This is perhaps the most widespread class of riboswitches, and is the only class 
discovered so-far in eukaryotic organisms. These switches bind the important coenzyme 
 
 
27 
 
thiamine pyrophosphate (TPP) which is found in virtually all living systems. TPP is a 
thiamine or vitamin B1 derivative and must be synthesized in organisms. Activation of 
this riboswitch decreases TPP biosynthesis upon TPP binding (3, 7). 
TPP riboswitches share a highly conserved binding pocket that is similar even 
across the different domains of life, suggesting the fundamental importance of this 
riboswitch. However, despite this amazing similarity, the control mechanisms of the TPP 
riboswitch differ greatly across species and have a tendency to evolve (3). Interestingly, 
the location of a TPP riboswitch in a gene varies significantly among species. In some 
organisms the riboswitch resides in the 3’ UTR instead of the more common 5’ UTR 
location (3), while many eukaryotic organisms place the riboswitch in intronic sequences 
(5). The actual location of the riboswitch is very important in determining its mechanism 
of action. A 3’ UTR riboswitch for example is ill suited to regulate transcription, while an 
intronically located riboswitch cannot regulate translation as it will be spliced out of the 
RNA.  
The bacterial TPP riboswitch has been found to exhibit two mechanisms of action 
based on species type. In gram positive species, transcription is regulated via an intrinsic 
terminator signal, halting the synthesis of the nascent mRNA. In gram negative bacteria, 
the TPP riboswitch masks the Shine-Dalgarno sequence upon binding its ligand (3). 
Eukaryotic versions of this riboswitch show the same level of mechanistic diversity. 
Between organisms, the riboswitch may regulate at the transcriptional, post-
transcriptional, or translational levels. As an example, some fungal TPP riboswitches 
have been found to regulate mRNA processing by modulating splicing events (5).  
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In terms of the riboswitch/TPP ligand interaction, it is important to point out that 
not all of the ligand’s functional groups are recognized. The binding pocket is formed in 
two halves by parallel, coaxially stacked helices (9), with the pyrimidine ring of TPP and 
the pyrophosphate group bound and recognized by separate helices. The TPP riboswitch 
binding site can be seen in Figure 8 on the following page.  
Much like SAM riboswitches, this class faces strong electrostatic challenges due 
to the pyrophosphate linkage and the negative charges located therein. These electrostatic 
forces are overcome by coordination with Mg2+ ions present within the cell (7). Despite 
the amazing diversity within this single class of riboswitch, the level of conservation 
between organisms remains equally fascinating. For example, the overall architecture of 
riboswitch in both E. coli and Arabidopsis is identical (7). These organisms are separated 
by billions of years of evolutionary history; one is a bacterium and the other a plant, yet 
the TPP riboswitch in both is amazingly similar. Such conservation demonstrates the 
importance of this riboswitch and its ligand to cellular survival and metabolism. 
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Figure 8: TPP riboswitch binding site – A) A TPP molecule is seen here bound to its riboswitch. Panel A shows the 
overall configuration of the TPP riboswitch. The TPP ligand is shown in red in the center of the image, bound 
by parallel helices shown in orange and blue. B) Here a more detailed image of the binding site is shown. 
One of the phosphate groups as well as both chelated Mg2+ ions are bound by the riboswitch as seen on the 
left side of the image. The thiamine ring of the TPP ligand can also be seen bound by the riboswitch on the 
right. However, the central ring of the TPP ligand, due to its position in the center of the active site away 
from both riboswitch helices, remains unbound by the riboswitch. Adapted from (13). 
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The glmS Riboswitch 
 The glmS riboswitch constitutes one of the most recently discovered classes of 
riboswitch, and binds glucosamine-6-phosphate, an important saccharide precursor. It is 
located in the glmS gene which codes for a protein that catalyzes the formation of 
glucosamine-6-phosphate. These riboswitches contain a completely novel mechanism of 
action that is unique to this class, whereby ligand interaction induces the riboswitch to act 
enzymatically, making the glmS riboswitch is the first example of a metabolite-
responsive ribozyme (7, 9). 
 These riboswitches fold and form the ligand binding pocket prior to any ligand 
interaction (5). Recall that many riboswitches only complete their final folds after 
binding their ligands. In the presence of glucosamine-6-phosphate and upon binding, the 
glmS riboswitch is stimulated at least 100,000-fold to self-cleave site-specifically. It is 
clear that glucosamine-6-phosphate binding somehow destabilizes the mRNA transcript 
to induce self-cleavage, but the mechanism by which this degradation occurs is as yet 
unknown (5, 7, 9).  
 Interestingly, this riboswitch is nearly twice as large as other structurally 
characterized riboswitches (7), which may be a result of its enzymatic activity (as 
opposed to simple switching action). The binding pocket is formed by base stacking, and 
results in a pseudoknot (7) where the ligand remains solvent accessible. The active site is 
electronically stabilized by chelated Mg2+ ions (7). Ligand binding is mediated by an 
extensive hydrogen bonding network, resulting in high specificity and affinity. High 
specificity allows the riboswitch to only react to its particular ligand. This is all the more 
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important with the glmS riboswitch, because of its binding induced degradation; cleavage 
induced by an incorrect molecule would be counterproductive for a cell using this system. 
Very high affinity allows this particular riboswitch to function even with small ligand 
concentrations.  
 
Conclusion 
As outlined above, the TPP riboswitch is the only currently known eukaryotic 
riboswitch and can be found in fungi, green algae, and land plants. In eukaryotes it acts 
primarily on the RNA processing and splicing machinery (3). Interestingly, no 
riboswitches have yet been discovered in any members of the Kingdom Animalia, which 
makes them very useful as potential drug targets. Nevertheless, the search is still on for 
new riboswitches, and structural and sequence homologies are now being used to search 
for and identify novel eukaryotic and prokaryotic riboswitches (3). 
Since their discovery only several years ago, riboswitches have amazed scientists, 
and have sparked an intense search for similar regulatory mechanisms involving a wide 
variety of different metabolites and in countless organisms. The discovery of 
riboswitches ascribes a fascinating new role for RNA. It bolsters the RNA-world theory 
of evolution by conclusively demonstrating that genetic regulation can be conducted with 
RNA alone, a feature that might have existed in primordial organisms (5, 7, 10). 
Riboswitches rival proteins in their complexity of genetic regulation, and are 
astoundingly diverse. 
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Because of their amazing presence in bacteria, riboswitches present current and 
future therapeutic targets especially with regards to genetic control/engineering and 
antibiotics (7, 9). Since there are no known riboswitches in humans, these therapies 
would be selective for bacterial or fungal targets (3, 7). A very interesting potential target 
for antimicrobial therapies is the B12 riboswitch which binds the metabolic by products of 
vitamin B12 and downregulates the expression of genes required for B12 metabolism. This 
riboswitch will be discussed in the following chapter. 
In sum, the discovery of riboswitches and the tremendous progress over the last 
decade has expanded our understanding of RNA and cellular complexity, and provides an 
exciting new frontier for drug design, and the study of evolution. 
 
 
 
 
 
 
 
 
 
 
 
 
33 
 
 
 
 
The B12 Riboswitch 
The Basics 
As I’ve described thus far, there are many different riboswitch classes that appear 
in countless organisms across the domains of life. Of these, the coenzyme B12 variant is 
the most common in bacterial species (5). This particular riboswitch binds a vitamin B12 
analogue (also called a vitamer) known as 5’-deoxy-5’-adenosylcobalamin (AdoCbl), 
which can be seen in Figure 9 on the following page. The vast majority of B12 
riboswitches control genes that are directly involved in the transport of cobalamin 
compounds or metals that are directly necessary in the biosynthetic pathways of the 
coenzyme. However, some B12 riboswitches are present in genes that are only distantly 
related to the coenzyme itself or its biosynthetic and transport pathways (14). Notably, a 
very small number of B12 riboswitches have been found to control the expression of 
ribonucleotide reductases that are not related to the B12 coenzyme (14).  Such findings are 
interesting because riboswitches normally control genes that are somehow involved in the 
metabolic or transport pathways of the ligand they bind. Such findings underscore the 
limitations of current knowledge, and provide an interesting riddle for future research. 
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Figure 9: Cobalamin and 5’-deoxy-5’-adenosylcobalamin – Panel A shows the structure of cobalamin or Vitamin B12. 
The R group, highlighted in pink, typically changes between the different vitamer analogues. Panel B shows 
a simplified structure of 5’deoxy-5’-adenosylcobalamin. In this case, the R group is a CH2-5’-deoxy-5’-
adenosyl; the B12 riboswitch does not effectively bind vitamers that lack this moity. Retrieved from: 
http://www.chm.bris.ac.uk/motm/vitaminb12/b12.gif & http://www.mikeblaber.org/oldwine/BCH4053/ 
Lecture33/vitb12_02.jpg 
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The B12 riboswitch is commonly found upstream of the btuB gene which codes 
for a cobalamin transport protein (10). Because the B12 riboswitch serves as an off switch, 
where ligand binding down regulates gene expression, an excess of AdoCbl in the 
cellular system will stop synthesis of the cobalamin transporter, allowing for efficient use 
of cellular resources. There is no reason to spend energy synthesizing additional 
cobalamin transporters, when there are already sufficient quantities of cobalamin within 
the cell. 
In Escherichia coli, the B12 riboswitch comprises a 202 nucleotide sequence in the 
5’ UTR of the btuB gene (10, 14). This RNA fragment binds coenzyme B12 with an 
approximate dissociation constant of 300 nM. Interestingly, the riboswitch fails to bind 
vitamer analogues cyanocobalamin and methylcobalamin (14) which are structurally 
similar. This high binding specificity indicates that ligand binding is guided by very 
precise structural constraints. 
The B12 riboswitch is also well studied in Salmonella typhimurium. It precedes the 
btuB gene in this system as well, and is additionally found in the cob gene leader. Both of 
these bind AdoCbl with high affinity and specificity. For example, a 206 base construct 
the btuB leader in this species shows a KD of about 400 nM (14) and researchers have 
observed decreased btuB expression when sufficient quantities of AdoCbl are present 
(10). In-line probing experiments have shown that btuB and cob mRNAs that correspond 
to the B12 riboswitch aptamer undergo significant structural modulation in the presence of 
B12 (10, 14). These structural changes have also been shown to prevent or reduce 
ribosomal binding to the mRNA (10).  Upon ligand binding, an essential pseudoknot 
forms in the RNA outside of the aptamer core which allows the riboswitch’s regulatory 
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action to proceed (5). Such long-range structural modulations allow the riboswitch to 
bury the Shine-Dalgarno ribosome binding site and prevent translation from proceeding, 
suggesting that ligand induced conformational changes are directly responsible for 
translational attenuation (5).  
 
Structural Properties of the B12 Riboswitch (Figure 10) 
As mentioned previously, the B12 riboswitch is common to many species of 
bacteria. Interestingly, a B12 riboswitch variant from Bacillus subtilis retains normal 
ligand interaction and genetic control even though many of the normally conserved bases 
are absent from its sequence, suggesting that the B12 family of riboswitches contain 
modular structural domains, and can retain normal function despite significant changes in 
base-sequence. Nahvi, et. al. (14) characterized 92 different representatives of the B12 
class of riboswitches from various organisms, each of which had variations in the switch 
sequence. For example, the 5’ leader of the yvrC operon (believed to be involved in metal 
import and processing), contains a B12 riboswitch that is significantly different than other 
members of its class, yet it still retains its ability to bind B12 (14). A proposed consensus 
of the B12 riboswitch based on this research can be seen in Figure 10. 
Despite apparent sequence diversity, there is a pattern of conserved sequence 
homologies and secondary structures. Analyses have revealed that most B12 riboswitches 
contain a series of paired and loop regions that give a similar general structure and 
contribute to the overall structural complexity of this family or riboswitches. Long-range 
interactions are fundamental to proper aptamer binding (14). 
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Figure 10: Proposed B12 Riboswitch consensus – A) This Figure shows a proposed consensus sequence of the B12 
riboswitch based on computational and phylogenetic data. The central loop of this proposed aptamer 
(surrounded by P3, P4, P5, and P6) comprises the B12 binding region. As expected, this region contains the 
greatest number of conserved bases. Nucleotides highlighted in red are positions conserved in greater than 
90% of the analyzed sequences. B) Proposed folding interactions in the presence of the AdoCbl ligand are 
also shown. Adapted from (15). 
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The B12 box, which comprises the ligand binding site, is composed of an 
arrangement of several helical regions, and is highly conserved. Interestingly, the B12 box 
only represents a small portion of the overall conservation between representatives of this 
class of riboswitch. There are at least 10 base-paired elements and 57 nucleotide positions 
which have been found to be conserved in greater than 90% of the analyzed riboswitch 
sequences (14). Moreover, mutations in certain stem regions have been found to 
significantly reduce ligand binding affinity (10), suggesting that even small changes to 
this riboswitch will render it ineffective, and that many bases are involved in long-range 
interactions to form the correct adocobalamin binding site. 
Some structural data for the E. coli btuB and S. typhimurium btuB and cob 
riboswitches has been derived by in-line probing (14), but the sequence diversity of B12 
riboswitch representatives makes it difficult to suggest a generic structure. Thus, far more 
structural data is required to more clearly understand this family of riboswitches. 
Researchers such as Nahvi, et. al. (14) have used computational and phylogenetic 
analyses to propose secondary-structure models for a generic B12 riboswitch (14), but the 
main problem is that such an analysis relies heavily on computer modeling, and only 
incorporates a relatively small amount of actual data. Thus, it is very difficult to apply 
these derived structures to actual RNA sequences. Furthermore, researchers have found 
the B12 riboswitch to be more structurally complex than other riboswitches (14) and 
biochemical evidence suggests that the highly conserved ligand-binding aptamer domain 
cannot by itself elicit high-affinity binding. As mentioned before, long range interactions 
seem to play an important role in producing a functional riboswitch.  
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The B12 Ligand Binding Domain 
The studied B12 riboswitches (especially in the btuB leader) contain a short 
conserved sequence of bases that has been termed the B12 box. Even a single mutation in 
the B12 box of the btuB leader can completely prevent AdoCbl binding and thus 
neutralize the riboswitch (10). As mentioned previously, the extremely well conserved 
B12 box is the metabolite binding site. Ligand binding appears to be mediated by Watson-
Crick base-pairing and is very specific. The binding site predominantly binds 5’-deoxy-
5’adenosylcobalamin and fails to recognize most other cobalamin analogues such as 
cyanocobalamin. In fact, the B12 riboswitch does not undergo any structural changes 
when a cobalamin compound lacks the 5’-deoxy-5’adenosyl moiety (10).  
  
The B12 Riboswitch: A Target for Anti-microbial Therapy? 
The B12 riboswitch has been implicated in several essential genes found in 
pathogenic bacteria, and inhibition of these genes via their riboswitch regulators has 
proven to be detrimental to the examined species (16). For example, researchers were 
able to arrest the growth of a Streptomyces coelicolor mutant when B12 was added (16). 
Mycobacterium tuberculosis also has two B12 riboswitches that can be manipulated to 
effect control over the organism (16). These are located just upstream of the metE gene 
responsible for methionine synthesis and upstream of the PPE2 gene. These riboswitches 
can be manipulated to reduce methionine synthesis and thus deplete the organism of an 
important amino acid, effectively rendering it non-viable. 
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Riboswitches have thus been shown to be very efficient targets for anti-microbial 
therapy. Therapeutics could be designed to activate riboswitches involved in 
fundamentally important nucleic acid or amino acid synthesis, thereby disrupting a 
microbe’s ability to grow and divide. Furthermore, because there are no known 
mammalian riboswitches, there use as targets significantly reduces the risk of side-
effects.In a time where antibiotic resistance is an increasingly important consideration, 
novel anti-microbial therapies targeting different pathways are becoming more crucial to 
maintaining an edge in our war against disease. Dangerous and deadly bugs such as 
resistant Pneumonia, resistant Tuberculosis, and MRSA are on the rise, and riboswitches 
present scientists and physicians with a possible treatment option, making them worthy of 
further study as antimicrobial targets. 
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Elucidating the higher order structure of the B12 Riboswitch in 
Thermatoga maratima 
 
Goals of our6
 As research conducted at an undergraduate institution, our primary goal has been 
an educational one. Through this project we have gained a real-world perspective of 
primary research in biochemistry and have gained experience working with RNA. To this 
end, we were given the opportunity to participate in the project’s design from its very 
first steps. This has included a survey of relevant literature, selection of the riboswitch 
class to study, and determination of the species in which to study the selected riboswitch. 
We were charged with finding the genomic DNA of our riboswitch and designing the 
correct constructs to study
 research 
7
                                                             
6 This research was conducted in collaboration with three of my senior colleagues whose work and contributions have 
been invaluable: Willy Kinney, Christine Anderson, and Caitlin Wojohowski. Dr. Chamberlin is the Primary 
Investigator for the research and has been our advisor throughout the project. 
. We were asked to plan our methods, choose relevant (and 
feasible) experiments to conduct, and provide an inventory of supplies needed. In short, 
we were literally involved in every step of the research, and needed to design and set up 
our lab. It is rare that a team of undergraduates has the opportunity to be involved with 
such research from day one, making this an incredible opportunity. 
7 5’ and 3’ end regions of the riboswitch needed to be edited to ensure proper folding of the riboswitch in vitro. 
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 As one might expect, the second and equally important goal of our research was, 
and continues to be, the elucidation of the higher order structure of the B12 riboswitch in 
Thermatoga maratima. Coenzyme B12 is an important molecule for living systems, 
making its riboswitch an important one to study, especially within the context of possible 
antibiotic targets. Because very little research has been done with this riboswitch, and 
none with the T. maratima version, we concluded that an inquiry into its structure would 
be both a pertinent and worthwhile effort. 
 
Limitations 
Before I truly dive into the experimental methods used in this research, I must 
first discuss the limitations faced when approaching a project of this magnitude at a small 
liberal arts college. Regis University has limited funding for such projects, which has 
obligated us to be more intentional and creative in designing our methods. In light of our 
first goal mentioned previously, this has actually required that we gain a deeper 
understanding of our project and scientific research in general.  
As an example, a fundamentally important tool used in RNA research is radio-
labeling of RNA with 32Phosphorus for visualization and quantification. However, the 
licensing costs and equipment necessary to perform these procedures make them 
completely unattainable at Regis. Because these are important steps in our procedure, we 
were forced to research the feasibility of using a fluorescent label to produce similar 
results. While far less common, this is possible, and we have since incorporated 
fluorescent labeling into our methods. 
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Experimental Design 
i. DNA template design 
In order to synthesize riboswitch RNA, a DNA template was necessary. Reported 
NCBI accession numbers (14) were used to find the B12 riboswitch target sequence in T. 
maratima. There was however great difficulty in selecting the actual sequence to use for 
the DNA template. In vivo, the riboswitch begins folding as it is transcribed, and will 
bind its metabolite as soon tertiary contacts have been established. Natural conditions 
cannot be mimicked in vitro, and it was necessary to design the DNA template sequence 
such that the produced RNA riboswitch is stable and capable of binding its metabolite. 
The addition or subtraction of even a single base from the sequence can have a 
tremendous impact, making careful design an imperative.  
Previously proposed secondary structures for the E. coli B12 riboswitches (10, 14) 
were used as references in designing our own T. maratima riboswitch. The online 
programs RNAFold (available at http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) and M-
Fold (available at http://mfold.rna.albany.edu/?q=mfold) were used to assess our RNA 
sequences. Special care was taken to ensure that predicted folding patterns were similar 
to those previously proposed.8
                                                             
8 This has so far been our most difficult step. The previously proposed secondary structures are vague at best, making it 
incredibly difficult to find a T. maratima sequence that matched. Moreover, virtually all of the research conducted on 
the B12 riboswitch has been in E. coli. Thus, there will be an inherent difference in our riboswitch of focus, simply 
because it is from a different species. It is impossible, however, to know or predict how these differences will impact 
the global structure of the riboswitch. 
 In the end, five T. maratima B12 riboswitch sequences 
were used, each with slight variations in their 5’ and 3’ sequences. These sequences as 
well as their predicted secondary structures are available in Appendix B. 
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ii. DNA template production and transcription 
In order to produce riboswitch RNA in large enough quantities for study, 
sufficient template DNA was necessary. Large scale PCR9
DNA transcription was conducted using T7 RNA polymerase. As with PCR, 
transcription conditions must be optimized for each construct before large scale 
production of RNA was initiated. Our research to date has led us to this step. The team 
that continues this work will first have to finish optimizing transcription conditions 
before beginning the binding and footprinting assays. 
 
 was conducted to amplify 
each of the five riboswitch template sequences as well as the E. coli control (17). Primer 
sequences were designed using the Integrated DNA Technologies OligoAnalyzer 
available at (http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/). Primers 
were also purchased from IDT. Optimized PCR conditions for each template and primer 
sequences are available in Appendix C. After large scale PCR, DNA was purified using 
chloroform extraction followed by ethanol precipitation (17).  
iii. RNA end-labeling 
RNA 5’ end labeling will be necessary to quantitatively visualize RNAs after gel 
electrophoresis. A Vector Laboratories 5’ EndTag Nucleic Acid Labeling System will be 
used to introduce a Cy5 maleimide label. This form of labeling is beneficial because the 
end label does not interfere with the nucleic acid.  
                                                             
9 We initially attempted to amplify our template by transforming the DNA  into competent E. coli cells, allowing them 
to reproduce, and purifying the DNA using a QIAGEN midi-prep kit. We digested our plasmid with Sma1 and used 
phenol-chloroform extraction and ethanol precipitation to obtain our template DNA. However, this procedure was 
inefficient and did not produce large enough quantities of DNA. The financial cost of performing this on a large scale 
forced us to seek an alternative method to amplifying our template DNA. 
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To incorporate this fluorescent label, a thiophosphate will be transferred from 
ATPγS to the 5’ OH of the RNA by T4 polynucleotide kinase. The 5’ OH will be 
exposed by alkaline phosphatase and the Cy5 maleimide thio-reactive fluorescent label 
will then be allowed to couple to the 5’ end of the RNA. The maleimide end label is a 
fluorescent tag that will allow visualization and quantification of electrophoresis bands. A 
phosphorimager at the University of Colorado at Boulder will be used to visualize our 
RNA gels. Methods must be developed to maximize both RNA labeling efficiency and 
storage stability. 
 
iv. Binding assays & Fe-EDTA footprinting (18) 
Time-resolved Fe-EDTA (19) footprinting will be used to assess the binding 
affinity of each riboswitch construct. This kind of footprinting relies on hydroxyl radicals 
generated by Fe(II) which then cleave exposed portions of the nucleic acid backbone, 
especially in base-paired regions. The RNA fold, which is impacted by bound ligand, will 
protect regions of RNA, making them inaccessible to hydroxyl radical cleavage. The 
cleaved RNA is then analyzed by standard agarose gel electrophoresis. Because only the 
5’ end of each RNA is labeled prior to footprinting, the length of visualized RNA bands 
will be directly related to a hydroxyl radical cleavage. This cleavage pattern can then be 
used to create a very accurate picture of the tertiary structure of the RNA fold.  
When time-resolved, this form of footprinting can also provide information about 
the dissociation constant and binding affinity of each RNA with its ligand. The hydroxyl 
radical cleavage reaction will be quenched after set periods of time and again analyzed by 
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gel electrophoresis. The RNA cleavage patterns can then be used to determine the 
binding properties of each construct. Time-resolved Fe-EDTA will be performed first to 
assess the binding functionality of our T. maratima riboswitch constructs in comparison 
to the E. coli control. Standard Fe-EDTA footprinting will then be used to determine 
structural information about each RNA construct. 
 
v. DMS Footprinting and SHAPE analysis (20, 21) 
These forms of ‘footprinting’ help in determining the secondary and tertiary 
structures of an RNA molecule, and can provide clues as to the binding region of our 
riboswitch. DMS methylates certain accessible nucleic acid bases that are not protected 
by pairing with other nucleotides. During subsequent reverse transcription, these 
methylated sites will cause reverse transcriptase to cease transcription and dislodge from 
the RNA. The resulting DNA fragments can be visualized by gel electrophoresis and their 
size used to determine the exact position of methylation.  
 Much like DMS footprinting, SHAPE analysis relies on specific base 
modification followed by reverse transcription. In this case, accessible nucleotides in 
flexible regions of the RNA molecule are modified, and these positions determined by 
reverse transcription and gel electrophoresis. In the presence of its metabolite, our 
riboswitch will have a slightly different fold, making different nucleotides accessible to 
modification. Thus, bound and unbound riboswitch RNA should produce a different 
footprint, allowing us to draw conclusions regarding the structure of the riboswitch.  
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While Fe-EDTA footprinting acts on regions with exposed ribose-phosphate 
nucleic acid backbone, DMS footprinting and SHAPE analysis reveal information about 
exposed nitrogenous bases. Combined, these methods help paint a picture of the entire 
riboswitch molecule’s folded structure. Bases that produce a high number of hits under 
Fe-EDTA footprinting are likely in base-paired helical regions. Conversely, nucleotides 
that produce hits under DMS or SHAPE are likely in loop or interhelical regions. If a 
nucleotide produces a DMS hit but not a SHAPE hit, we can determine that it is not base-
paired and that it is not in a flexible region, and conclude that this nucleotide is likely 
buried in the riboswitch fold. 
 
Results and where we currently stand 
 To this point, we have completed our PCR optimizations and are in the process of 
optimizing our transcription conditions in order to produce RNA on a large scale. One of 
our PCR optimization gels is presented on page 49 in Figure 11 as a reference.  
A test transcription of our E. coli riboswitch was conducted and visualized on a 
2% Agarose gel after 25 minutes of electrophoresis at 150V. The results, shown on page 
50 in Figure 12, constitute a major success in our research. Both of or our produced T7 
polymerase elutions functioned tremendously well as seen in lanes E1 and E2, and 
produced a greater amount of RNA than T7 purchased from Agilent Technologies. 
Furthermore, this gel, stained with CYBR Gold, provides a proof-of-principle in using 
this staining technique to visualize nucleic acids by gel electrophoresis.  
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 Once large scale transcriptions are completed, binding and kinetic studies will be 
performed by time-resolved Fe-EDTA footprinting to assess the functionality of our 
riboswitch constructs. This will be important to determine if these constructs function as 
predicted. If they do not, construct sequences and procedures to date will have to be 
assessed for error, as there is no sense in determining the structure of a non-functional 
riboswitch. If, however, our constructs function as predicted, footprinting assays can be 
conducted as described. Results from these assays can then be compiled and synthesized 
to produce a complete picture of the secondary and tertiary structure of the Thermatoga 
maratimaI B12 riboswitch. 
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Figure 11: PCR optimization of DNA templates was required for generation of riboswitch RNAs. To 
maximize DNA amplification, PCR conditions were optimized for the concentration of MgCl2, 
DNA template, primer oligonucleotides, deoxy nucleotide triphosphates (dNTPs) and Taq 
polmerase (Bulldog Biosciences), as shown along the top of the gel. The upper band in all test 
lanes represents the resulting amplification product, with brighter bands representing higher 
concentrations. The lower band pair in each lane results from the PCR primers 
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Figure 12: E. coli riboswitch test transcription on 2% Agarose, stained with CYBR Gold. Electrophoresis 
was allowed to continue for 25 minutes at 150 V. Lanes labeled E1, and E2 contain RNA 
transcribed with proprietary T7 RNA polymerase. T7 polymerase used in the third lane was 
purchased from Agilent Technologies. Despite the double stranded nature of the 100 kb DNA 
ladder (which prevents us from accurately determining RNA fragment size), we can determine that 
our RNA products are of the approximately right size (202 bases). Multiple RNA bands result 
from T7 polymerase’s propensity to incorporate additional, non-template bases at the end of each 
sequence. 
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Reflections concerning the interface between science and religion 
 
 I sincerely hope that my discussion thus far has expressed the profound joy and 
satisfaction that I have in studying the natural world. Nature is incredible, and we have so 
much to learn by studying it. In my journey, this study has prompted numerous questions 
about the possibility of my being both a scientist and a religious individual. I also 
mentioned my conviction that science and religion are fundamentally consonant. I wish 
now to return to these questions, and provide more concrete reasoning for my position. 
 
Introduction: 
When we consider what religion is for mankind, and what science is, it is no exaggeration 
to say that the future course of history depends upon the decision of this generation as to 
the relations between them. We have here the two strongest general forces… which 
influence men, and they seem to be set one against the other – the force of our religious 
institutions, and the force of our impulse to accurate observation and logical deduction. 
Alfred North Whitehead – A.D. 1925 
Nearly a century ago, Alfred Whitehead, mathematician and philosopher, urged 
his generation to consider the interface between science and religion. He aptly noted that 
these ways of approaching and knowing the world, both had, and indeed continue to 
have, enormous power over the lives of men. And yet, there has never seemed to be any 
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dialogue between them. One need only consider Galileo’s trial and imprisonment by the 
Catholic Church, or the ridiculous Scope’s Monkey Trial, to realize that the relationship 
between science and religion has appeared less than friendly; the two seem to have 
opposed each other for centuries in their battle to reign supreme as the broker of truth10
Even among the ancients, empiricists, relying on their senses, questioned the need 
to invoke the supernatural or the divine in explaining the natural world. Others, noting the 
fallibility of our senses and the vastness of the universe, sought truth in the spiritual 
dimension, through religion. The scientist relies heavily on his or her senses of touch, 
sight, smell, taste, or hearing to observe the world and gather information about it. These 
natural tools allow us to very objectively and reproducibly learn about our surroundings. 
Religious experience however, is vastly different. We cannot see God, or hear Him, smell 
Him, taste Him, or feel Him, at least, not in any tangible, scientific way. To experience 
God, people rely on emotion, state of mind, internal feeling, and on the mystical and 
supernatural, but these ways of knowing or understanding are far from reproducible or 
testable. Without a doubt, scientists and the religious, approach the world in vastly 
different ways, and it is here that we may look to find the source of the clash between 
these forces. 
 in 
the universe.  
I’ve devoted much of my college career to science and spent over half a year with 
the research project outlined in this work concerning the Adocobalamin riboswitch.  I 
                                                             
10 I must pause here and note that neither science nor religion can ever give us the entire truth; neither can ever fully 
explain everything about the world in which we live. Instead, each reveals or gets at elements of truth and thus begins 
forming a coherent picture of our universe. So, unless otherwise noted, I am not referring to truth as being THE 
transcendental ultimate reality, but rather as something that has the quality of being true or factual, and representative 
of that reality. 
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have thoroughly enjoyed the pursuit of knowledge by scientific means, both in the 
laboratory and outside of it, and it’s no secret that I love the sciences and that I fully 
respect and stand by its methods and ideals. The question that now remains is that with 
which I began this entire work: is my research in biochemistry, with all of its procedures 
and assays, consonant with faith in God? Can I truly be both a scientist and a religious 
person11
Does science preclude the existence of God? 
?  
 
There is no doubt that science has revealed more about our world than anyone 
would have ever anticipated even just decades ago. Science has shown us how we as 
humans develop, has demonstrated how we came to be, and has given us clues about the 
very origins of the universe. Thus, I will begin my reflections with the question of 
whether there is any room left for God in our current understanding of the cosmos. 
 Many would argue that the answer is resoundingly NO! Science has finally, over 
the last century, moved human thinking beyond the need of invoking an omnipotent 
being. In arguing this worldview, John Haught states that “evolution has once and for all 
purged any remaining intellectual respectability from the idea of God” (22). Random 
mutations in the genetic code, in DNA, aggregate over many generations and are selected 
for by an organism’s fitness to their environment, slowly leading to the rise of new 
                                                             
11 The reader might note here that for the sake of simplicity and relative brevity, I will focus on the Roman Catholic 
perspective in the discussion that follows. Unless otherwise noted, religion will refer to Christianity as a whole. I in no 
way wish to slight other religions or beliefs, but as this is the faith that I share, it is the only one that I can fairly and 
more fully represent within the scope of these reflections.  
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species. In this way, every modern organism including our own, Homo sapiens, has 
developed and evolved from previous ancestral species. Men were not molded from clay 
and women were not created from the ribs of men. Evolution clearly demonstrates that 
humans were not created in one day and is but one example of how science is pushing up 
against religion, or at the very least, a literal interpretation of Scripture. Every scientific 
discovery seems to emphasize more and more, the cold and impersonal nature of the 
universe, questioning the existence of God.  
Richard Dawkins, an evolutionary biologist and vocal atheist has a very strong 
view in this regard: 
The total amount of suffering per year in the natural world is beyond all decent 
contemplation. During the minute that it takes me to compose this sentence, thousands of 
animals are being eaten alive, many others are running for their lives, whimpering with 
fear, others are slowly being devoured from within by rasping parasites, thousands of all 
kinds are dying of starvation, thirst, and disease. It must be so… In a universe of 
electrons and selfish genes, blind physical forces and genetic replication, some people are 
going to get hurt, other people are going to get lucky, and you won't find any rhyme or 
reason in it, nor any justice. The universe that we observe has precisely the properties we 
should expect if there is, at bottom, no design, no purpose, no evil, no good, nothing but 
pitiless indifference. 
Richard Dawkins 
At the end of the day, there is no caring, personal God making sure that everything will 
be alright. There is no divine order to bring ultimate justice to the universe. There are 
only blind forces and pitiless indifference. Science has demonstrated these things, making 
any belief in God a delusion, a story to make us feel good. But has it really? 
Stephen Hawking, a celebrated astrophysicist and cosmologist, would similarly 
suggest that science alone is enough to understand the universe, its origins, and its present 
state. “The law of gravity alone can explain everything” (23). Tiny imbalances and 
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imperfections in particles allowed them to begin aggregating together to form hydrogen 
gas, which itself began gravitating together to finally form the first stars. Gravity alone 
explains the fusion of hydrogen gas, the life of stars, the production of a myriad of 
elements in their cores, and their subsequent explosion and death. Gravity explains the 
formation of planets and solar systems and even explains the interactions between 
different molecules to eventually produce life (23). Hawking would suggest that even if 
some higher force set the initial conditions for the emergence of our universe, no God in 
the Christian sense can exist. There is no need for a personal God in a universe where 
every single event can be demonstrably explained scientifically. Science simply 
eliminates religion from the equation. Yet can we, in fairness, support such claims? Can 
we truly conclude that science has removed any place for religion?  
From a purely scientific perspective, an absolute faith in the incredible power of 
the human senses and the scientific method, often leads to the conclusion that God cannot 
exist. At the same time, every theory put forth by science is done so with the knowledge 
that it can at some point be falsified; every theory can, with sufficient evidence, be shown 
as incorrect. “Falsifiability is the mark of a theory’s scientific status. A willingness to 
allow its ideas to be falsified purifies science and shows it to be a truly open and honest 
way of learning about the nature of things” (22). Science continually leaves itself open to 
be altered and reformulated as new discoveries are published and new knowledge gained. 
As Brother Guy Consolmagno12
                                                             
12 References to Brother Consolmagno are made based on a talk given by him at Regis University on March 1, 2012. 
, a Jesuit and curator of the Vatican’s meteorite 
collection, describes: 
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You’re willing to admit you might be wrong. Science doesn’t deal in proofs… it 
describes… You have to admit you don’t know everything, otherwise you wouldn’t be 
motivated to learn anything new. You have to be humble enough to admit that, at any 
point along the way, as you’re getting new knowledge, you could go wrong… That’s why 
you constantly test your ideas with new experiments and then test your experiments with 
new ideas. 
Br. Guy Consolmagno 
 Science cannot progress without new ideas, new experiments, failed theories, or 
reformulations.  And even now, when science is more confident than ever, virtually 
everyone is willing to admit that new data or knowledge in the future may disprove or 
change everything that we think we know. The good scientist ultimately seeks truth, 
above all else, and that truth is far more important than any individual formulation of an 
idea. Importantly however, we must realize that because of the principle of falsifiability, 
science never proves, it only describes and reveals. Science uncovers elements of truth 
about our universe, but can never reveal the full picture.  
Religion does not share the characteristic of falsifiability. We rely on faith and a 
belief in our ability to understand or know the universe through divine revelation and 
through the mystical and supernatural. The simple fact is that there is no way to 
scientifically determine the existence of God. This alone leads many scientific purists to 
view religion with disdain, dismissing it as naïve superstition. However, to say that 
science has purged the need for God from human thinking rests on the belief that only 
science can really get at truth in the universe. The implicit assumption underlying this 
statement is that truth can only be illuminated using the five senses. But can we be so 
arrogant? Can we really be so quick to dismiss or write off millennia of thinking and 
analysis? Can we truly say that so many brilliant thinkers that have gone before us, that 
St. Paul, Augustine, Aquinas, and so many others were delusional? 
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 Every day that I work in the laboratory, I become more aware of the weakness of 
my senses. I am not equipped to visualize the DNA and RNA that I’ve been working with 
and need to use technological and experimental crutches keep track of my progress. I 
must then interpret the resulting data or images, and take it on faith that nothing was lost 
in translation, and that I am correct in my conclusions. Every step along the way 
introduces the possibility of error, making science as imperfect as any other human 
pursuit. Can we really be so confident, then, as to assume that we know that God doesn’t 
exist, to set ourselves as masters of the universe? Can we really believe that through 
science we will be able to understand everything around us? 
I say that we cannot, and must firmly disagree with both Dawkins and Hawking. 
Regardless of personal belief, concluding that God doesn’t exist is absolutely 
groundless13
                                                             
13 I’m of course referring here to a ‘scientifically’ derived conclusion that God doesn’t exist. There are many that share 
this same belief, but who will openly admit that they are basing themselves on a faith of sorts, an set of first principles 
that defines their worldview. 
. Indeed, suggesting that science has removed the need, or intellectual 
respectability of God is based as much on belief as the notion that God exists. Saying that 
truth can only be found in the sciences is just as un-falsifiable as a belief in God. Both 
rest on equally intangible and improvable assumptions about the universe. As John 
Haught summarizes: “Without usually being aware of it, scientific skeptics have 
uncritically fused the scientific method with scientism, a belief system that assumes, 
without any scientific demonstration, that science is the only appropriate way of looking 
at things” (22). Such a worldview necessarily conflicts with religious considerations 
because it negates and denies anything from perspective other than its own. Taking such 
assumptions as science, suggesting that science has purged the need for faith and 
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spirituality is not only unfounded, but it denigrates the scientific method, the beacon of 
falsifiability, and the religious faith that billions of people share.14
Furthermore, science itself is based on the “personal, non-rational, human 
urgence” (Br. Consolmagno) that guides each individual scientist. Scientific research is 
often influenced by intangible and subjective forces, and can become inextricably tied to 
social, cultural, and economic pressures. After all, it is the scientist that must decide that 
a problem exists and then choose to explore it. It is the scientist that must pick a 
hypothesis to test, and then design the experiments to test it. Finally, it is the scientist that 
must interpret his or her results and draw conclusions about their meaning. These kinds 
of decisions are not objective at all, and are affected by an immeasurable number of non-
scientific considerations. And much as we try to remain aware of, and account for, these 
more subjective factors, one cannot deny the profound influence they have on scientific 
research. 
 
Deeper analysis can then lead us to realize that science, for all its objectivity, is 
based on two key assumptions that, according to Brother Consolmagno, are quite 
“religious in nature.” All of science is predicated on the implicit belief that the universe is 
ordered, that there is some kind of a coherent objective reality. If everything was illusion, 
then there would be no sense in toiling to make sense of it. Science simply wouldn’t exist 
if we did not believe that there is truth in the universe. The second assumption that any 
scientist must make is that the universe is knowable. We have to believe that our efforts 
                                                             
14 I will reiterate here that I am basing my argument in belief. I believe that God exists, and my entire analysis has its 
foundation in that faith. My intention therefore is not to disprove any other faith, atheism, or agnosticism, but simply to 
argue in favor of a close relationship between science and religion. 
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observing and studying the world around us will begin to illuminate its vast mysteries 
(Br. Consolmagno). Religion is founded on very similar principles. As a Catholic, I 
believe in an ultimate, divine order in the universe. I believe that there is more at work 
than “bind physical forces” and “pitiless indifference.” Moreover, Catholic teaching, as 
chronicled by Augustine, Aquinas, Loyola and others, emphasizes that we are capable of 
knowing and understanding that order.   
This analysis might seem very trivial at first. Sure, we take it for granted that 
every individual human scientist will bring certain subjective biases to bear. Yes, there 
are assumptions that we have to make about our universe. But what’s the point in 
bringing any of this up? As I’ve shown, science doesn’t prove anything, it only reveals or 
describes. At the same time, science is often based upon the subjective drives, 
perspectives, and attitudes of individual scientists. Finally science itself, as a way of 
seeing the world, rests upon unfalsifiable but necessary assumptions about the nature of 
the universe. Thus, science cannot in any way preclude the existence of God or purge 
intellectual respectability from any form of faith. Religion is similarly couched in 
assumptions about the universe, and also depends on the individual and his or her 
perspectives and worldviews. Thus, it is not science itself that is against a belief in God, 
but rather the set of first principles (does God exist?) that one chooses to believe. 
As I have made clear, I believe in God. Further, I make the claim that science is 
not inherently opposed to this belief. But how would religion respond? Is religion; is my 
faith opposed to science? 
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Is religious faith compatible with science? 
On the opposite end of the spectrum to scientific purists, we have what I will call 
religious literalists, individuals who emphasize that the Word of God as written in the 
Scriptures is not open to interpretation. It simply is. This perspective is quite obviously 
and necessarily opposed to science, and understandably sees science as a total anathema, 
a threat to faith.  
 Religious literalism rests on the assumption that the Scriptures, as they are 
written, unquestionably represent the Truth. “Today, for instance, many conservative 
Christians argue that since the Bible is divinely inspired and inerrant, it gives us the most 
reliable scientific information about the beginnings of the universe and life” (Haught, 13). 
In this view, the creation stories are a literal account of our origins, and thus provide the 
whole Truth of our natural history. 
 Brother Consolmagno again gives us a very interesting perspective: 
Science books go out of date. Philosophy, theology, literature, does not go out of date. If 
you’re going to try and turn the Bible into a science book, you’re not doing it any favors. 
You’re saying it goes out of date… People, who are talking about a literal reading of the 
Bible… are completely misunderstanding both the bible and science.  
This analysis suggests that a literal interpretation, a scientific interpretation of Scripture 
takes away from its full meaning. Brother Consolmagno is suggesting that Scripture is in 
fact full of symbols that have more meaning, deeper meaning, than the simple literal 
understanding, just as words contain greater meaning than that given by their individual 
letters. Can there not be, then, multiple levels of truth in Scripture? Furthermore, why 
would God’s words, revealed in scripture, contradict His works? If God created man in 
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His image and likeness, if our five senses are God-given, why would their use in 
observing the natural world, which is also created by God, lead us astray? 
 Literalism also becomes even more difficult to follow when considering the many 
different translations and versions of even just the Christian Bible. I don’t mean to be 
flippant, but can we truly assume that Scripture was meant to be literally interpreted? As 
a Catholic, I take it on faith that the Bible represents the Word of God, yet God didn’t fax 
a copy to anyone. I also believe that the Bible was divinely inspired, but this doesn’t 
mean that it was divinely written. Revelation works in many ways, but almost always 
includes a human interpretation of a vision or message that is subsequently written down, 
and years later accepted as Scripture.  
All of the gospels for example were written years, even decades after Christ’s 
crucifixion and resurrection. In a very real sense, the gospels were initially written as 
memoirs of sorts, chronicles of the life of Jesus Christ. We are all familiar with the 
fallible nature of our memory and I’m sure that that is as true for us today as it was for 
Mathew, Mark, Luke, and John. Furthermore, if one expects Scripture to be science, then 
surely it must be consistent. But it isn’t! Scripture is filled with passages that, if taken 
literally, appear contradictory. The Genesis stories for example cannot be literally 
considered together. Interpreting these passages however, applying contextual analysis 
and reason, can synthesize them into a coherent story. How can we, then, be so 
fundamentally against other, perhaps deeper, understandings of God’s words? 
As with scientific purism, suggesting that Scripture must be interpreted literally is 
groundless and closed-minded. Even if it were actually, physically written by God, can 
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we truly assume to fully know its complete meaning? After all, as a Catholic, I (along 
with all Christians) believe that God’s love is infinite. If God revealed His Word out of 
that love, does it not follow that there is an immeasurable, infinite depth of meaning to be 
found?  
 Thus, in my mind, neither extreme holds water. As Haught would summarize, 
“both the evolutionary materialist and the fundamentalist ‘creation scientist’ are quite 
alike in their contaminating aspects of pure science with large doses of doctrine” (22). 
The scientific conclusion that God doesn’t exist is as much a belief as my faith in God. 
Scriptural literalism is similarly couched in nothing more than the very dogmatic and 
limiting belief that human kind has unlocked the mysteries of divine revelation.  
“As the Book of Job reminds us, we humans may be important, but the universe is 
immeasurably vaster than anything our own finite minds can conjure up or comprehend” 
(22). If we can somehow eliminate some of that doctrine and dogma mentioned above; if 
we can humble ourselves before the universe and before God; if we can come to realize 
that we may not, through our five senses, hold the keys to all of its mysteries; if we can 
begin open ourselves to non-literal interpretations of Scripture, then we can begin to see 
that the forces of science and religion are not mutually exclusive, and that there is 
harmony to be found. 
 
Is NOMA the answer? 
 Before I begin my attempt at rationalizing that harmony between science and 
religion, I would like to pause briefly and remark on a worldview put forth most 
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famously by the paleontologist, evolutionary biologist and Harvard University professor 
Stephen J. Gould. From the outset, Gould states that he is not opposed to either the 
scientific or religious worldviews. After all, “the supposed conflict between science and 
religion, [is] a debate that exists only in people’s minds and social practices, not in the 
logic or proper utility of these entirely different, and equally vital, subjects” (24). 
 Gould, however, does not share my enthusiasm for finding a harmony between 
the two. “I do not see how science and religion could be unified, or even synthesized, 
under any common scheme of explanation or analysis” (24). While conflict is clearly 
unproductive and irrational, Gould would suggest that the two perspectives be kept 
distinct and separated from one another and should maintain themselves within their own 
magisteria. 
 This philosophy is the very core of the Non-Overlapping Magesteria (NOMA) 
worldview. As Gould would suggest, NOMA implies a “respectful noninterference – 
accompanied by intense dialogue” (24). As mentioned before, science and religion are 
not, and should never be taken as mutually exclusive. However, the two should not 
interfere with one another either. The magisterium of “science covers the empirical 
realm: what is the universe made of (fact) and why does it work this way (theory). The 
magisterium of religion extends over questions of ultimate meaning and moral value” 
(24). Thus, religion should stick to faith and science should keep to science. Conversation 
about the world and about truth in the universe is encouraged, but it should be limited at 
that. Any attempt at mixing or synthesizing the two would inherently result in some form 
of conflict. 
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 The NOMA theory, and perspectives like it, arose from a deep desire to eliminate, 
once and for all, the conflict between religion and science. Ultimately, as much as I 
applaud these positive strides, I can’t but remain dissatisfied. NOMA would suggest 
compartmentalizing science and religion to their own separate vessels and keeping them 
there. As both a scientist and a religious person however, I can’t apply this to my own 
life. I can’t live my faith outside of the classroom or laboratory and then forget it while I 
do science; doing so would be like self-imposed multi-personality disorder.  I wish to live 
my life in a unified and whole way. I am one person, not many, and so I can’t help but to 
feel that there must be some way to bring the seemingly disparate forces of science and 
religion into harmony and consonance. 
 Brother Consolmagno provides a great response to Gould’s NOMA perspective. 
He suggests that science and religion are unified within the human person.  
Religion makes a bad science. And science makes a bad religion. You can’t substitute the 
one for the other. But there isn’t this big gap between the two; they actually do overlap in 
one point. They overlap in the human being who’s doing the science. They overlap in the 
human being who is believing in the religion 
Gould was right in a certain sense. Science and religion do have their own unique 
magisteria, and neither is equipped to speak concretely about the other. They are not, 
however, separate and non-overlapping. I see them instead as different facets of the same 
Truth, the same ultimate Truth that both the scientist and the religious person seek. In this 
view, science and religion not only overlap, but in fact resonate together in providing us 
with a more complete understanding of our universe.  
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Finding a synthesis: 
 Hitherto I have succinctly, but hopefully adequately, shown that neither science 
nor religion can outright dismiss the other, and that they are not inherently incompatible. 
True, both approach the world from vastly different perspectives, and rely on very 
different ways of knowing, but neither is fundamentally dissonant with the other. In fact, 
many would argue that with a little dialogue, a little open-mindedness, and just a bit of 
faith, we can find a common ground between the two. 
 Coming from a religious perspective, I can’t help but to feel that my faith is in 
fact consonant with my scientific education and interests. Moreover, religion, and 
Christianity in particular, can be said to affirm science, the scientific method, and the 
pursuit of knowledge through empirical observation. As John Haught would tell us, “the 
disinterested desire to know, out of which science grows and flourishes, finds its deepest 
confirmation in a religious interpretation of the universe” (22). Science, at its very core, 
rests on the belief that the universe is ordered15
Christian religion and the Abrahamic faiths in general, teach us that the universe 
was created by God and that it is a “finite, coherent, rational, ordered totality, grounded 
in an ultimate love and promise” (22). This simple fact provides science with the 
 and that it is knowable; otherwise, 
research would make little sense. We begin any scientific journey from the understanding 
that our observation of the world will reveal, unlock, or illuminate its hidden workings 
and mysteries. Religious faith not only confirms this notion, but strengthens it and 
deepens it.  
                                                             
15 Of course, I’m not referring to thermodynamic order. Over time, the universe will toward greater entropy. The 
presence, however, of certain laws or principles that govern how things happen implies a certain kind of order in the 
universe. 
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grounding necessary to validate its pursuit of knowledge. A religious belief in a coherent 
universe, coupled with a total appreciation of God’s gifts to humanity, of the senses, 
logic, and of the mind, endow science with the strongest of foundations. Furthermore, in 
urging us “continually to press onward, beyond the narrowness of current understanding, 
and go in search of… transcending breadth and depth” (22), religion gives science an 
impetus to never be satisfied with the present limits on our knowledge. Religion bestows 
a call to always probe deeper and farther in our pursuit to fully comprehend the beauty of 
God’s creation. 
Brother Consolmagno takes this argument further. He suggests that studying the 
world around us, doing science, is one of the surest ways to understand God and His 
word. 
By the incarnation our religion says that the universe has been cleansed and quickened. It 
has become sacred. Studying the universe is a sacred calling because it is through the 
physical universe that God speaks to us… If you believe in that, then you believe that 
science is worth doing. 
In John 14:6 Jesus tells us that “I am the way; I am Truth and Life.” If God is truth, then 
it follows that searching for truth in our universe is itself a search for God and is born of 
the deepest longing to know Him. Science is thus no longer an anathema to religion, but 
in fact becomes sacred; it becomes a noble and holy pursuit. 
Science too can participate in this dialogue and while it may never provide an 
actual confirmation of religion, new discoveries in physics, astrophysics and cosmology 
have lead many to wonder if there isn’t something greater in nature than just random 
coincidence. Did the perfect conditions required for our universe to exist simply arise by 
random chance? I want to be very clear in stating that I don’t wish to conflate, or suggest 
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that science can prove religion. After all, scientific “theories have to stand or fall on the 
evidence of the science itself” (Br. Consolmagno). I would merely like to point out that 
there is a level of consonance that cannot be denied. Is it such a stretch to imagine some 
divine hand in the laws of gravity or evolution?  
Personally, I can’t help but to look out upon the universe and simply wonder in 
awe at its amazing complexity, its unimaginable vast expanse, and the absolutely and 
truly phenomenal miracle of our life. 
 “Think about it. The Earth lies at exactly the right distance from the sun to allow liquid 
water to exist on its surface. And the sun just happens to be the right size to burn for 
billions of years long enough for life to have evolved. The solar system is littered with all 
the elements needed for life. These elements themselves are only possible because of 
older stars that have burned out. These older stars only existed because of a tiny 
unevenness in the early primordial gas, that was itself produced by a one in a billion 
imbalance in the sea of particles that came from the Big Bang” (23). 
Our presence in the universe, our very existence, is a true miracle regardless of one’s 
faith, religion, or worldview. The number of coincidences that had to have occurred to 
make our world possible is absolutely staggering. Even Stephen Hawking, who vocally 
defends his view that there is no personal God, admits that “there are clearly religious 
implications” (25).  
 I mentioned before Hawking’s suggestion that everything can be explained by the 
law of gravity. Yet even then, there are some coincidences that cannot. It was a tiny 
imbalance in the nature of early particles that allowed gravity to have its effects. Holmes 
Rolston quotes astronomer Bernard Lovell: 
 “It is an astonishing reflection that at this critical early moment in the history of the 
universe, all of the hydrogen would have turned into helium if the force of attraction 
between protons – that is, the nuclei of hydrogen atoms – had been only a few percent 
stronger… No galaxies, no stars, no life would have emerged. A remarkable and intimate 
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relationship between man, the fundamental constants of nature and the initial moments of 
space and time seems to be an inescapable condition of our existence” (25). 
  This is an astonishing reflection indeed, and one can’t help but wonder if it was all 
created or designed. Some, such as Hawking, would suggest that even if there was a so-
called ‘designer,’ there is no personal God as put forth by the Abrahamic traditions. But 
was God’s creation limited to only one initial point? 
From St. Augustine, we understand that God is Love, and it is out of infinite love 
that God created the universe. But if God’s love, and thus by extension His creation, is 
infinite, how could it be limited to a single point in time, or more accurately, before time? 
I think the Jesuit Teilhard de Chardin said it best:  
“The fact is that creation has never stopped. The creative act is one huge continual 
gesture, drawn out over the totality of time. It is still going on; and incessantly even if 
imperceptibly, the world is constantly emerging a little farther above nothingness” (22).  
Thus, our God is a personal God. If God’s love and creation are infinite, and continual 
throughout the entirety of space-time, then God is present right here, right now. Our God 
is personal because every constantly evolving facet of our universe is a result of His ever 
present love.  
Thus, “scientific knowledge amplifies our understanding of creation, and thereby 
our wonder and reverence for God” (26). The study of the natural world is, in the truest 
sense, a study of God’s constant revelation to us. It is one of the surest and quickest ways 
of coming into communion with God. As Albert Einstein himself would tell us: 
“But whoever has undergone the intense experience of successful advances made in this 
domain is moved by profound reverence for the rationality made manifest in existence. 
By way of the understanding he achieves a far-reaching emancipation from the shackles 
of personal hopes and desires, and thereby attains that humble attitude of mind toward the 
grandeur of reason incarnate in existence, and which, in its profoundest depths, is 
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inaccessible to man. This attitude, however, appears to me to be religious, in the highest 
sense of the word. And so it seems to me that science not only purifies the religious 
impulse of the dross of its anthropomorphism but also contributes to a religious 
spiritualization of our understanding of life” (27).  
 
Science deepens our understanding of faith and brings us to a more profound 
understanding of God’s love and revelation, and the impulse to religion guides us, gives 
us direction, and helps us draw meaning from our existence. Einstein summarizes by 
saying that “science without religion is lame, religion without science is blind” (27). 
 
Conclusions: 
My journey with this project truthfully began when, as a child, I fell in love with 
science, and childlike joy and awe continues to fill me every time I learn something new 
about a cell, an enzyme, or a riboswitch. It’s that childlike joy and awe that has always 
had me convinced of my passion toward the biological and biochemical sciences, and it’s 
that childlike joy and awe that have made my riboswitch research so enjoyable. But as 
my years at Regis University draw to a close, as my journey and career as a medical 
doctor is about to begin, I’ve become more and more interested in the possibility of 
reconciling the countless hours I’ve spent in lab with my faith and religion. Have I been 
leading a double life? This question has always been present in my mind, but it only truly 
came alive very recently. My undergraduate work aside, I’m about to devote my entire 
life to the sciences! Fortunately, long, ten-hour stints in lab are quite conducive to 
reflection and contemplation of higher meaning, but while I’ve always believed that there 
is harmony between science and religion, I began to realize that I was incapable of 
articulating why. It is here that my desire to know kicked in.  
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My training as a scientist has since led me on an integrative journey of theology 
and philosophy that has given me a new lens through which to see my research. Those 
long, tedious hours in lab suddenly became steps to understanding God’s love and 
revelation. Research was no longer just about finding the higher order structure of a 
riboswitch, but about deepening my faith through that work. The science I was doing 
every week suddenly had a new and more profound meaning. I was now doing more than 
just science; I was learning God’s creation. 
Science and religion are forces that have been in conflict for countless years. I 
myself have struggled to find a way to balance my strong faith with my ambitions and 
work as a scientist. In the end, I can find no better words than Brother Consolmagno’s. 
“It’s the religion that gives you the motivation to do the science. It’s the science that 
teaches you about the creator, and thus enlivens and enriches your religion.” Both forces 
come together in the human person to illuminate different facets of the same Truth. And 
so, in the quest for knowledge, in the journey to understand the universe and the cosmos, 
both science and religion work to unveil the mystery that surrounds us. They approach 
the unknown from vastly different perspectives, grounded in distinct magisteria, but 
ultimately provide a synthesis that reveals the beauty and elegance of the world around 
us. 
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Appendix A – Terms Defined 
 
1. Allosteric: An allosteric interaction is one that produces a structural change in the 
entire molecule (enzyme, riboswitch, etc) via a binding event that is outside of the 
active or catalytic site. 
2. Aptamer: Aptamer is a term used to refer to nucleic acid  sequences that have the 
ability to bind metabolites (7) 
3. Archaea: Archaea are a domain of microscopic organisms that do not contain nuclei 
or membrane bound organelles and are similar in appearance to bacteria, but are 
genetically distinct. These organisms are generally found in very extreme 
environments. 
4. Cytoplasm: The cytoplasm is a gel-like solution that fills the inside of a cell. All 
organelles rest within the cytoplasm. 
5. DNA: Deoxyribonucleic Acid is the molecule that contains the genetic code for all 
living organisms. Its sequence of the four nucleobases adenine, guanine, cytosine, and 
thymine forms the basis of that code. Two separate DNA molecules base-pair 
together to form the DNA double helix. Base pairing refers to the hydrogen-bond 
interactions between guanine/cytosine and adenine/thymine. 
6. Domain: The domain is the highest level of phylogenetic split, and all of life is 
divided into three distinct domains based on genetic similarities and differences. 
These are archaea, eubacteria, and eukaryota. All organisms within a domain are 
theorized to have evolved from a single common ancestor. 
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7. Eubacteria: Eubacteria are a domain of prokaryotic (without nucleus) organisms 
referred to generally as bacteria. 
8. Eucharyota: Eukaryotes are a domain of organisms that are characterized by larger, 
more complex cells that contain nuclei and membrane bound organelles. All of multi-
cellular life, including plants and animals, falls within this domain. 
9. Enzyme: Enzymes are protein molecules composed of amino acids that facilitate or 
catalyze biological reactions. 
10. Exon: An exon is a portion of pre-mRNA that is translated into protein. Exons of a 
gene are spliced together during RNA processing. 
11. Folding: A linear RNA or amino acid sequence must first fold into the proper 
structure to be able to complete its function. Folding occurs on the basis of 
intramolecular interactions between different nucleobases (in RNA) and amino acids 
(in proteins). 
12. In-Line Probing: In-line probing is an RNA analysis technique that relies on the 
spontaneous and structurally directed cleavage of the RNA molecule. The RNA 
phosphodiester linkage is nucleophilically attacked by a 2’ O2 on the adjacent 
Phosphorus. The cleaved fragments are then analyzed by gel electrophoresis (10). 
The “in-line” position of these atoms is in a given RNA linkage is essential for the 
cleavage mechanism to proceed. Thus, the rate at which cleavage at a particular 
position occurs is very closely correlated to the higher order structure of the RNA 
molecule. Said a different way, stable base-paired structures will rarely cleave 
spontaneously because they do not form an in-line conformation, while unpaired or 
exposed bases are more susceptible (10). Probing can be conducted in both the 
presence and absence of ligand, thus allowing a researcher to assess the structural 
changes that are imposed by the binding event. 
13. Intron: Introns are genetic segments that are not translated to a functional protein and 
are spliced out of the mRNA transcript. Introns have often been considered to be junk 
sequences, but the discovery of riboswitches is helping to reshape this understanding. 
14. Ligand: A ligand is a molecule that is bound by a larger molecule. 
15. Lipid: Lipids are a broad class of biological molecule that are generally characterized 
by their hydrophobicity. Fats, waxes, cholesterols, etc., are all lipid molecules. 
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16. Metabolite: A metabolite is a biologically important molecule that is a product of 
and/or is essential to metabolism. 
17. mRNA: Messenger RNA is an RNA molecule that is produced to carry genomic 
information from DNA to a ribosome where protein can be synthesized. mRNA is 
produced when a DNA gene is read by RNA polymerase, and is produced as the base-
pair complement to the DNA gene. 
18. Nitrogenous Base: In reference to DNA and RNA, the nitrogenous bases are the five 
organic molecules bound to the 1’ position of deoxyribose or ribose. The sequence of 
these bases forms the genetic code. DNA contains adenine, guanine, cytosine and 
thymine. In RNA, uracil is substituted for thymine. 
19. Nucleobase: A nucleobase is one of five molecules whose sequence carries genetic 
information in DNA and RNA. These are adenine, guanine, cytosine, thiamine, and 
uracil. In RNA, uracil is substituted for thiamine.  
20. Operon: An operon is a grouping of functionally related genes that share promoter, 
enhancer, and regulatory elements.  
21. Organelle: Organelles are small cellular subunits that are bound by their own lipid 
membranes. Much as organs function as specialized units within an organism, the 
different organelles conduct various necessary operations within each cell. 
22. PCR: Polymerase chain reaction is a standard biological and biochemical technique 
that is used to amplify the quantity of a desired segment of DNA. Short primer 
sequences are produced that base-pair to the 5’ and 3’ ends of a DNA, bookending it 
and marking it for amplification. Primers are inserted into a solution with the desired 
DNA, DNA polymerase, MgCl2, and dNTPs. Repeated cycles of heating and cooling 
allow the desired DNA segment to be amplified in concentration by several orders of 
magnitude. 
23. Polymer: A polymer is a large molecule that is composed of repeating subunits of an 
individual type of small molecule. 
24. Polysaccharide: Polysaccharides are important sugar polymers that have a variety of 
biological functions. 
25. Protein: Proteins are amino acid or peptide polymers that are coded for by DNA 
genes. Proteins conduct the many diverse operations necessary for life. 
 
 
75 
 
26. Purine: Purines are double-ringed nucleobases. Adenine and guanine are purines. 
27. Pyrimidine: Pyrimidines are single-ringed nucleobases. Cytosine, thiamine, and 
uracil are pyrimidine.  
28. Reverse Transcriptase: Reverse transcriptase is an enzyme isolated from 
retroviruses that is capable of synthesizing DNA from an RNA template. 
29. Ribosome: Ribosomes are small organelles composed of RNA and protein that 
function to synthesize protein. The ribosome ratchets along an mRNA molecule 
reading its sequence, and with tRNA codon base-pairing, produces amino-acid 
polypeptides. 
30. Ribozyme: Ribozymes are RNAs that are capable of catalyzing a reaction. Most 
riboswitches are NOT ribozyme because they only mask, reveal, or form important 
sequences/structures but are not capable of catalysis. The glmS riboswitch is the only 
ribozyme riboswitch. 
31. RNA: Ribonucleic acid is structurally similar to DNA with the exception of 
containing a 2’-OH on the central ribose. RNA also substitutes uracil for thymine in 
as a nitrogenous base. Much like DNA, RNA is capable of carrying genetic 
information in its sequence of bases. However, its small structural differences allow 
RNA to fold into complex three-dimensional structures that can perform functions 
very reminiscent of proteins. 
32. rRNA: Ribosomal RNAs are RNA molecules used in assembling a ribosome.  
33. snRNA: Small nucleolar RNAs are RNAs that function in the spliceosome, the 
cellular machinery that processes mRNA before translation. 
34. Transcription: Transcription is the process by which genetic information contained 
in DNA is ‘read’ and used to produce RNA. 
35. Translation: Translation is the process by which mRNA is ‘read’ and used to 
produce a polypeptide. 
36. tRNA: Transfer RNA molecules are specialized RNAs that carry individual amino 
acids to the ribosome for protein synthesis. tRNAs recognize and bind three-
nucleotide codons on the mRNA. This recognition is facilitated by the ribosome, and 
the carried amino acid is transferred to the growing polypeptide by the ribosome. 
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37. Watson-Crick base-pairing: This refers to the fundamental characteristic of double-
stranded nucleic acids (DNA or paired RNA regions) where the purine adenine is 
always hydrogen bonded to the pyrimidine thiamine (uracil in RNA) and the purine 
guanine is always hydrogen bonded to the pyrimidine cytosine. 
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Appendix B – Riboswitch Sequences and Proposed Secondary 
Structures  
Secondary structures were obtained using RNAFold. 
1. Thermatoga maratima A1 
2. Thermatoga maratima A2 
3. Thermatoga maratima A3 
4. Thermatoga maratima B1 
5. Thermatoga maratima B2 
6. Escherichia coli Control 
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Thermatoga maratima A1 
 
5’  -  
CCCGGGCCTTCACCGCGGGCGGGTTTCCCGGCTTCCGGATCATCCTACTCCCC  
GCGCCTTCCCAGGGTGATCGCCCCAGTGGCGTTCTGCGGGTTTCGTCCCCGGT  
CACGGTGGCGGCCCCGCGCCGGATTTTCACCGGCTTCCCCTTTGAACCCCGAA  
GGGTACCGCTATAGTGAGTCGTATTA  -  3’  
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Thermatoga maratima A2 
 
5’  -  
CCCGGGCCTTCACCGCGGGCGGGTTTCCCGGCTTCCGGATCATCCTACTCCCC  
GCGCCTTCCCAGGGTGATCGCCCCAGTGGCGTTCTGCGGGTTTCGTCCCCGGT  
CACGGTGGCGGCCCCGCGCCGGATTTTCACCGGCTTCCCCTTTGAACCCCGAA  
GGGTACCTATAGTGAGTCGTATTA  -  3’ 
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Thermatoga maratima A3 
 
5’  -  
CCCGGGCCTTCACCGCGGGCGGGTTTCCCGGCTTCCGGATCATCCTACTCCCC  
GCGCCTTCCCAGGGTGATCGCCCCAGTGGCGTTCTGCGGGTTTCGTCCCCGGT  
CACGGTGGCGGCCCCGCGCCGGATTTTCACCGGCTTCCCCTTTGAACCCCGAA  
GGGTACCGCACCTATAGTGAGTCGTATTA  -  3’ 
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Thermatoga maratima B1 
 
5’  -  
CCCGGGCGGGTTTCCCGGCTTCCGGATCATCCTACTCCCCGCGCCTTCCCAGG  
GTGATCGCCCCAGTGGCGTTCTGCGGGTTTCGTCCCCGGTCACGGTGGCGGCC
CCGCGCCGGATTTTCACCGGCTTCCCCTTTGAACCCCGAAGGGTACCGCACCT 
ATAGTGAGTCGTATTA  -  3’  
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Thermatoga maratima B2 
 
5’  - 
CCCGGGCGGGTTTCCCGGCTTCCGGATCATCCTACTCCCCGCGCCTTCCCAGG  
GTGATCGCCCCAGTGGCGTTCTGCGGGTTTCGTCCCCGGTCACGGTGGCGGCC  
CCGCGCCGGATTTTCACCGGCTTCCCCTTTGAACCCCGAAGGGTACCTATAGT  
GAGTCGTATTA  -  3’ 
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Escherichia coli Control 
 
5’  -
CCCGGGTCATCAATATTACGCGATGATGAGAACCAGATGCGACGTTGGCCGG
CAGGTCTTCGGGCTTGGAGGGGTATCTAAGATACTAAGAGATGATGACTTCC
CACCGAATGGCAGTGTCCGCATAACGCAATCATCGCACCTTTCCTTACCGCTG
CGCGTCAGCTCCAGATTCGCACTGGATTCCCTATTAACTCACAGGACCGGCTA
TAGTGAGTCGTATTA  -  3’ 
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